In the constrained dynamic ED problem, considering some practical operation constraints of generators, such as ramp rate limits and prohibited operating zones, electric power generation of units are scheduled. So, this paper, considering these constraints, presents a new optimization technique based on Imperialist Competitive Algorithm (ICA) to solve the Economic Dispatch (ED) problem in power systems. To show the efficiency of the proposed method, this algorithm is applied to solve constrained dynamic ED problem of two power systems with 6 and 15 units. The results are compared to those achieved from conventional methods such as Simulated Annealing (SA), Genetic Algorithm (GA) and Particle Swarm Optimization (PSO). The experimental results show that the proposed method is capable to determine the solutions of ED problem more fast and accurate than other conventional approaches.
Introduction
One of the fundamental cases in power system operation is Economic Dispatch (ED) problem. It should be an optimization problem to reduce the operation cost of units while satisfying constraints. Two types of methods are used to optimize the generation output of units. The first type of methods employed various mathematical programming techniques. These conventional methods include the lambda-iteration method, the base point and participation factors method, the gradient method and etc. [1] [2] [3] . To use these kinds of methods for solving ED problem, the main assumption is that the incremental cost curves of the units are increased linearly. However, in practical systems considering the nonlinear characteristics of generators, this assumption is not acceptable. In addition, in a large system the methods based on mathematical programming have oscillatory problem [4] .
Noted methods (mathematical methods) usually used to solve one type of ED problem known as static ED problem. The second type of ED problem is known as dynamic ED problem.
The objective function of dynamic ED is to determine generator output considering power balance, generating unit capacity limits, prohibited operating zones, valve point effect and multiple fuel cost. To solve the second type of ED problem (dynamic ED problem), random search optimization methods, such as Evolutionary Programming (EP) [5] , Hybrid Immune Genetic Algorithm (HIGA) [6] , Tabu Search (TS) [7] and Particle Swarm Optimization (PSO) [4] have been used.
Most of the random search optimization methods have two important problems: 1. Trapping in local minima. 2. Slow rate of convergence.
To prevent these kinds of problem, this paper proposes the use of a new evolutionary algorithm known as Imperialist Competitive Algorithm (ICA) to solve dynamic ED problem.
The ICA is a meta-heuristic optimization method that is based on modeling of the attempts of countries to dominate other courtiers. Like other evolutionary ones, this algorithm starts with an initial population. Populations are in two types: colonies and imperialists that all together form some empires. Imperialistic competition among these empires forms the basis of this algorithm. During this competition, weak empires collapse and powerful ones take possession of their colonies. Imperialistic competition converges to a state in which there exists only one empire and its colonies are the same position and have the same cost as the imperialist [8] . In [9] ICA is used for static ED problem. In this paper, this algorithm is applied to solve the constrained ED problem.
The rest of this paper organized as follow: The mathematic formulation of the dynamic ED problem is presented in section II. The ICA is introduced in section III and the implementation of this algorithm for ED problem is explained in section IV. Finally, in section V, the proposed method is verified by using two different power systems with 6 and 15 units.
Problem Formulation
The dynamic ED problem is reviewed here for completeness and to clarify the constraints that are observed.
The objective function of the dynamic ED problem is to schedule the output of generation units to meet the required demand at minimum operating cost while satisfying all units' constraints. So, it can be said as follow: The objective function of the ED problem can be expressed as [10]:
where F t is the total operation cost; F i is the generation cost function of the ith generator, a i , b i and c i are the coefficients of cost function of the ith generator; P i is the output power of the ith generator and n is the number of generators.
The main equality constraint is the constraint of power balancing which can be expressed as follow:
where PD is the load demand and PL is the total transmission losses, which is a function of the unit power outputs that can be represented as follow:
where B is matrix that depends on transmission lines parameters. To achieve the actual economic operation, two inequality constraints of generator are taken into account [10] . Firstly, the ramp rate restrictions of generators are caused in view of the fact that the thermal generating outputs cannot be adjusted quickly. To consider the operating process, the ramp rate limits are included in the ED problem to make sure the feasibility of the solutions.
As a result, the inequality constraints because of ramp rate limits for unit generation changes are presented as follow:
where P i 0 is the previous output power, P i min and P i max are the minimum and maximum outputs of the ith generator, respectively. URi, DRi are the up ramp and down ramp limits of the ith generator.
Secondly, the prohibited operating zones in the performance curve of a typical thermal unit are because of steam valve operation or fluctuation in a shaft bearing [11] . Practically, the shape of the input-output curve in the neighborhood of the prohibited zone is difficult to be determined by actual performance testing or operating records. In the actual operation, adjusting the generation output P i of a unit must avoid the unit operating in the prohibited zones. The feasible operating zones of unit i can be presented as follows: (5) where n i is the number of prohibited zones of the ith generator. P i,j l ; P i,j u are the lower and upper power output of the prohibited zones j of the ith generator, respectively.
Imperialist Competitive Algorithm
Imperialism is the policy of spreading the power of an imperial beyond its own boundaries. An imperialist dominate other countries by direct rule or by less obvious means such as control of market for goods or raw materials. The Imperialist Competitive Algorithm (ICA) was proposed by Esmaeil and Caro [8] , this method is a new socio-politically motivated global search strategy that has recently been introduced for dealing with different optimization tasks. In [10], this algorithm is used to find the optimized weights of artificial neural network. Moreover, [12, 13] design an optimal controller using this algorithm. Figure 1 shows the flow chart of the ICA [8] . Like the same evolutionary algorithms, ICA commences with an initial population of P countries which are generated randomly within the feasible space. Each country is shown by country i =[p 1 , p 2 ,…, p Nvar ] which N var is dimension of optimization problem. The best countries in the initial population, considering the cost function of them, are selected as the imperialists and other counties known as the colonies of these imperialists.
To build initial empires, colonies are divided among imperialists Based on imperialist's power. To divide the colonies among imperialists proportionally, the following normalized cost of an imperialist is defined: (6) Where c n is the cost of nth imperialist and C n is the normalized cost. As a result the normalized power of each imperialist can be defined:
Application of Imperialist Competitive Algorithm to Solve Constrained Economic Dispatch
After dividing colonies among imperialists, these colonies start closing to their empire. The total power of an empire can be determined by the power of imperialist country plus a percentage of power of its colonies as follow: (8) The way by which the colonies move toward empires can be found in [8] . Where power n is the total power (cost) of the nth empire and ξ is a positive number less than 1. Considering [8] , its amount is set to 0.1. After starting competition, any empire that cannot succeed in this competition and cannot increase its power will be eliminated from the competition. The results of competition will be an increase in the power of strong empires and a decrease in the power of weak ones. With passing computation, Weak empires will lose their power and they will collapse. At the end, by using the movement of colonies toward their relevant imperialist and also the collapse mechanism, one imperial will exit which is the answer of optimization problem.
Application Of ICA To ED Problem
In this section the implementation of the ICA for solving dynamic ED problem is described.
To apply this algorithm to ED problem, two mechanisms should be specified.
A. Initialization and structure of solutions B. Constraints handling These two mechanisms can be used as follow in ICA to determine optimized output of generating units in ED problem.
A. Initialization and structure of solutions
In the initialization process, several initial solutions are created randomly for the ICA. If the initial population of the ICA (countries) considered as the output generation value of units
where m is the number of countries in ICA and n is the number of generators. To create a set of solutions, equality and inequality constraints should be satisfied. So, the procedure as follow is applied to ICA.
Step (1) read system data Step (2) the boundary of feasible solution is defined as follow:
Step ( 
B. Constraints handling with ICA
In evolutionary optimization algorithm, handling the existing equality and inequality constraints is very important. In literatures, different methods for handling constraints in evolutionary computation optimization algorithms are presented. The most commonly used constraints handling methods among them are: preserving feasible solution method, infeasible solution rejection method, penalty function method and solution repair method [13] . In this paper the last two methods are used as follow to handle constraint in ICA.
To handle equality constraints in equation (2), penalty function method used as [4] . The evaluation function is adopted as (6), it is reciprocal of the generation cost function F cost and power balance constraints P pbc as in (7) and (8) . (6) where, 
F max maximum generation cost among all individuals in the initial population; F min minimum generation cost among all individuals in the initial population. Moreover, to satisfy the inequality constraint of prohibited zone, solution repair method is used. To prevent solution to fall in the prohibited zone we do as follow:
A. 6-generating unit system
The system contains 6 units, 26 buses and 46 lines [4] . The characteristics of the units are listed in Table I . The load demand is 1263 MW. In normal operation of the system, the loss coefficients B matrix with 100 MVA base capacity is shown in [4] . 
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In [6, 10] six methods (MTS, PSO, HIGA TS, GA and SA) were employed to test on this system. Considering these results and the result of proposed method, Table II elaborates the best solutions of all methods, which satisfy the practical system constraints such as the ramp rate limits and prohibited zones of units. It can be clearly seen in Table II that the solution of the proposed method is the second one which has the minimum cost among all methods. With scheduling the output power of units correctly by the proposed method, the losses of system is decreased; therefore, total cost of system is reduced.
In addition, in Table 3 , the statistical results of all methods such as maximum and minimum generation cost, best generation cost and standard deviation are shown. These results are determined after 30 trials. Table 3 . Comparison of ICA performance with other methods for 6 units system
B. 15-generating unit system
The second system to verify the proposed method contains 15 units. The characteristics of units are listed in Table 4 . In this system, the load demand is fixed at 2630 MW. Moreover, the loss coefficient B matrices are shown in [4] . After simulating this case, the best solutions obtained from all methods that satisfy the system constraints are shown in Table 5 . It can be clearly seen that the proposed method has the cheaper solution among the all methods.
In addition, after performing 30 trials, the statistical results of all method are listed in Table 6 . The results of Table 6 show that in spite of increasing the size of system, the proposed method is acceptable and truthful. Table 7 shows the computational time of the proposed method for both case studies. It can be seen that proposed method has enough efficiency for solving ED problem. In addition, Figure 2 , shows the convergence characteristic of the proposed method for 15-generating unit system. It can be seen that the proposed method after 9 iterations reaches to the optimum point. The best method among other methods, as shown in [10] , it reaches to the optimum point after around 85 iterations. So, the convergence of the proposed method to the optimum solution is faster than the other methods . Figure 2 . Convergence characteristic of the proposed method
C. Computation efficiency

Conclusion
In this paper Imperialist Competitive Algorithm (ICA) for solving the Economic Dispatch (ED) problem was presented. Two appropriate strategies for initialization and handling the equality and inequality constraints were utilized which always provide feasible solutions. To show the ability of the proposed method for ED problem, two different test systems are used.
Comparing the results of the proposed method with other conventional methods that is listed in [10] , it can be derived that the proposed method can find the best solution better than other methods. Moreover, the effectiveness of the proposed method is shown by low computational time and fast convergence. 
